We describe spatial and temporal patterns of seven chemical elements commonly observed in fine particulate matter (PM) and thought to be linked to roadway emissions that were measured at residential locations in New York City (NYC). These elements, that is, Si, Al, Ti, Fe, Ba, Br, and black carbon (BC), were found to have significant spatial and temporal variability at our 10 residential PM 2.5 sampling locations. We also describe pilot study data of near-roadway samples of both PM 10À2.5 and PM 2.5 chemical elements of roadway emissions. PM 2.5 element concentrations collected on the George Washington Bridge (GWB) connecting NYC and New Jersey were higher that similar elemental concentration measured at residential locations. Coarseparticle elements (within PM 10À2.5 ) on the GWB were 10-100 times higher in concentration than their PM 2.5 counterparts. Roadway elements were well correlated with one another in both the PM 2.5 and PM 10À2.5 fractions, suggesting common sources. The same elements in the PM 2.5 collected at residential locations were less correlated, suggesting either different sources or different processing mechanisms for each element. Despite the fact that these elements are only a fraction of total PM 2.5 or PM 10À2.5 mass, the results have important implications for near-roadway exposures where elements with known causal links to health effects are shown to be at elevated concentrations in both the PM 2.5 and PM 10À2.5 size ranges.
Introduction
Many studies in the United States and Europe have demonstrated statistically significant associations between roadway proximity and adverse health effects associated with community air pollution (USEPA, 2005 ). An estimated 45 million US residents live within 100 m of a highway (US Department of Housing and Urban Development, 2007) , which implies that a large population within the United States has the potential for much higher-than-average exposures to sources of pollutants with known adverse health effects. Particulate matter (PM) is nearly ubiquitous near roadways, and is present in the air over a broad range of chemical compositions and particle sizes. PM 2.5 (particles with aerodynamic diameters o2.5 mm) and PM 10 (particles with aerodynamic diameters o10 mm) bulk masses are routinely measured in the United States, and such data have been used as a basis for identifying associations with adverse cardiopulmonary and other health outcomes near roadways and elsewhere. However, the associations between PM mass near roadways and health outcomes are not always consistent, suggesting that relying on PM mass to estimate health risks may be inadequate. Rather, we believe that some specific chemical components within the coarse thoracic particulate matter (PM 10À2.5 ) that deposit within the conductive airways of the lungs are more potent than other PM components. However, hypotheses as to the causal agents of health effects, such as chemical composition specificity, remain unproven.
Coarse dust particles with aerodynamic diameters above 10 mm do not normally penetrate efficiently beyond the larynx, have not been associated with health effects due to routine air pollution exposures, and are not routinely monitored. By contrast, particles within the PM 10 fraction can deposit along the conductive airways in the thorax, and nearly all of those with aerodynamic diameters below 2.5 mm can penetrate into the gas exchange region, where particle retention times and systemic uptake of soluble components are much larger than for PM deposited on the conductive airways. A mucociliary blanket covering the lung's conductive airways facilitates particle removal of the PM 10À2.5 to the gastrointestinal tract within the first day or two. However, PM can be present on the airways long enough to stimulate bronchospasm, which narrows the bronchial airways. This can lead to increasing bronchial air velocity and momentum of the entrained PM, further enhancing PM 10À2.5 deposition on the airway walls. Furthermore, the soluble components of the PM 10À2.5 , and the components on the surface of these particles, may dissolve and enter into the bloodstream and undergo systemic circulation.
Motor-vehicle emissions represent a potential source of ambient aerosol near roadways that may have an important influence on human exposures and health effects. There is emerging evidence that the inhalation of some components of ambient air PM are associated with adverse health effects at concentrations near, or not much higher than, current ambient fine particulate matter (PM 2.5 ) mass concentrations. These components include black carbon (BC), nickel (Ni), vanadium (V), and lead (Pb), and somewhat weaker evidence exists for others, such as aluminum (Al), zinc (Zn), and organic carbon (OC) Lippmann et al., 2006; Lippmann and Chen, 2009; Zanobetti et al., 2009; Delfino et al., 2010a, b) . There is also a rapidly growing literature implicating motor vehicle related pollution in human health effects, as indexed by proximity to major roadways, and by measured concentrations of OC, nitrogen dioxide (NO 2 ), and ultrafine particles (UFP, i.e., particles with aerodynamic diameters o0.1 mm). Available air monitoring data for pollutant concentrations associated with tailpipe exhaust, such as carbon monoxide (CO), NO 2 , OC, elemental carbon (EC), or BC, and polycyclic aromatic hydrocarbons have not consistently correlated with the a variety of health end points better than roadside proximity. Some studies have noted that concentrations of airborne transition metals and refractory metal soil markers, which are present as a very small fraction of total PM, correlate better with the various health effects than the conventional vehicle exhaust markers (Kinney et al., 2000; Laden et al., 2000; Lipfert et al., 2006; Franklin et al., 2008; Gent et al., 2009; Patel et al., 2009) . It is also unclear whether observed effects are a result of directly emitted roadway contaminants, or an accumulation of these contaminants (e.g., oil droplets, condensed vapors) on existing coarse soil particles on or near roadways. Several studies have investigated the role of aerosol acidity on a number of health end points, including daily mortality (Dockery et al., 1992; Pope et al., 1992; Lippmann et al., 2000) and respiratory effects in children (Schwartz et al., 1994) . Dockery et al., Lippmann et al., and Schwartz et al. found relatively weak or no evidence for an effect associated with particle acidity; Pope and coworkers did find a significant association, though the major source of particulate air pollution and acidity in their work was a nearby steel mill, which is likely to be chemically different from the previous studies that investigated more regional and urban emissions. Thus, on the basis of particle acidity alone, a bulk quality that can be determined by any number of chemical factors, conflicting results arise. Coupled with the apparent complex conditions near roadways, which include sources of acidity, EC and OC, and transition metals intermingled with regional pollutants, our understanding of near-roadway exposures is incomplete.
Motor-vehicle traffic is also associated with airborne emissions of metal-containing inorganic compounds. A fraction of these metals are discharged from tailpipes and arise because of their presence in the air or fuel used in combustion, or in engine lubricants. An even larger source of metals in air near roadways is the coarse-particle dust that is resuspended from the roadway surface by tires and the highspeed movement of the vehicles (Gent et al., 2009 ). The cores of some dust particles are composed of latex from the tire wear, erosion of the roadway surface (components of concrete and blacktop), soil particles that had deposited on the roadways, and tailpipe emissions that had settled out on the roadways. These roadway surface dust particles also have surface components attributable to adsorbed organic vapors.
There has been a considerable focus on motor-vehicle exhaust as a source category that could directly account for the adverse health effects associated with PM 2.5 , and especially the soot in the exhaust from diesel engines. To date, Cassee et al. (2002) and Gerlofs-Nijland et al. (2007) provide the most comprehensive laboratory-based comparison of the effects of PM 2.5 on rodents in ambient air and in diesel engine exhaust particles (DEP). In both studies, they were able to produce acute pulmonary changes and increases in blood fibrinogen with both concentrated ambient particles (CAPs) and concentrated DEP, but it took far higher concentrations of DEP than CAPs to do so. Others (USEPA, 2002; Hesterberg et al., 2005; Mills et al., 2005 Mills et al., , 2007 Li et al., 2007; Spira-Cohen et al., 2008; Cherng et al., 2009; Quan et al., 2010) have shown associations between human exposure to DEP and oxidative stress, proinflammatory cytokines, asthma aggravation, atherosclerotic disease, and a large number of other important health end points. In order words, exposure to DEP is widely understood to have significant effects on human health.
The components of DEP most responsible for the bulk of these effects is, at present, not fully understood. DEP are composed primarily of EC but which also have coatings of OC, oxidized sulfur, and a variety of trace metals associated with combustion. In general, DEP is a small mass fraction of ambient air PM 2.5 , yet it has been considered to be disproportionately responsible for deleterious health effects. However, its chemical makeup is highly complex and any number of its individual components, or specific components, acting in coordination with other components, are believed to be accountable for a large fraction of the purported health effects. However, the specific mechanistic pathways that lead from DEP exposure to specific health end points are not fully understood.
This work discusses measurements of chemical elements of fine aerosol from both residential locations and immediately next to heavily traveled roadways in New York City (NYC). The near-roadway measurements also include coarse thoracic particle sizes (PM 10À2.5 ) and were collected to support a limited-scope instrument feasibility study. A specific focus on aerosol elemental tracers thought to arise from combustion processes and road dust are evaluated and compared between residential sites and near-roadway sites in NYC. This approach provides evidence that potential exposures to PM associated with roadway tracers are elevated at both near-roadway locations and residential locations that lack nearby sources of roadway pollutants.
Methods
Many of the results of residential measurements of chemical component concentration of ambient air PM 2,5 that are presented here were based on analyses of Teflon filter samples that were collected in the same manner as described in companion papers to this work (Peltier and Lippmann, 2010a, b) that were focused on the concentrations of Ni and V and other elements. In brief, 7-day integrated outdoor filter samples were collected for 8 consecutive weeks in winter 2008 and 8 consecutive weeks in summer 2008 at 11 locations across NYC. The sampling filters were analyzed by gravimetry, reflectance, and by X-ray fluorescence spectroscopy for elemental analysis. In this work, these are referred to as residential samples. Median concentrations for each site and season were calculated, and processed using Delauney interpolation using computer software (Igor Pro V6, Wavemetrics, Oswego, OR, USA) to estimate concentrations between the sparse residential sampling locations. Additional details to this method are provided in our previous work (Peltier and Lippmann, 2010b) .
Because of a specific interest in roadway exposures to PM, we also discuss quantitative measurements of near-roadway PM 2.5 and PM 10 samples. A custom-designed near-roadway sampling system was assembled and deployed on the pedestrian roadways on both sides of the upper deck of the George Washington Bridge (GWB). This bridge, which connects Northern New Jersey with Northern Manhattan in NYC, is a component of Interstate-95 (I-95) and has eight lanes of traffic on its upper deck, as well as six traffic lanes on its lower deck. Traffic includes private automobiles, public and private buses, and a significant quantity of heavy truck traffic. The traffic mix on this Interstate roadway segment is consistent with what would be expected at any major roadway in the United States.
The upper deck of the bridge carries all of the very heavy truck traffic as well as some of the auto traffic. The pedestrian walkways on both its northern and southern sides are routinely used by pedestrians for commuting or exercising, and these sample locations represent optimal locations for capturing maximum concentrations of near-roadway emissions. This is in contrast to the residential studies, which were focused on measurements in communities with only limited influence from major roads. Access to the bridge was provided by the Port Authority of New York and New Jersey to deploy our mobile monitoring system. In total, seven sets of filters were collected on the pedestrian pathways of the GWB on different days during September and November of 2009. An additional set of filters were collected, using the same sampler system, at a background location on the campus of University of Medicine and Dentistry of New Jersey (UMDNJ) in Piscataway, NJ, USA on 12 November 2010. This site is located B60 km to the southwest of the bridge and is thus likely influenced by the same regional-scale pollutants that impact the NYC metropolitan area, but has much fewer local sources of traffic emissions than the GWB.
Our sampling system was custom designed for our limitedscope feasibility study of near-roadway dust concentrations along the pedestrian walkways of the GWB. It consists of a baby stroller that was retrofitted to accommodate a deepcycle battery and inverter, vacuum system, size-selective sampling inlets, and filter sample cassettes, as well as continuous monitors for criteria pollutant gases, BC, and size-selective PM mass concentrations. High volumetric flow was achieved with a 1/3 horsepower blower motor. With a fully charged battery, this configuration was capable of B1.5 h of continuous sampling before requiring a recharge.
Vacuum was drawn through a series of flow splitters and ball valves, which effectively functioned as critical orifices maintaining near constant flows. The coarse-particle channel collected the effluent from an Aerotec-2 cyclone precollector (Lippmann and Chan, 1974) having a total flow rate of 164 l min
À1
, which was divided between two filters. Two additional Unico 240 cyclones (Chan and Lippmann, 1974) each sampled PM 2.5 at 25 l min À1 . Thus in total, there were two B82 l min À1 samples of PM 10 (a Teflon filter sample, and a quartz fiber filter sample), and two B25 l min À1 samples of PM 2.5 (a Teflon filter sample, and a quartz filter sample). Flow rates were measured immediately before, and after, each sample run was completed by measuring pressure drop (which was previously calibrated using a NIST-traceable volumetric flow device) across each filter. While particle loading can affect pressure drop, no significant difference was observed in measurements conducted before and after sampling. The concentrations of PM 2.5 and PM 10À2.5 , and their chemical components, were determined in laboratory analyses of the seven sample sets that were collected on weekdays during the fall of 2009 using the mobile sampling platform on the walkways immediately adjacent to the upper roadway. Each sample set includes dichotomous PM 10 and PM 2.5 fractions and were nominally collected on weekdays between 0800 and 0930 EST, or during the morning rushhour period. The subsequent quantitative analyses of PM components, that is elemental analyses by X-ray fluorescence, were completed at NYU's Sterling Forest laboratory. The same tracers measured at residential sites were also measured on the GWB in the immediate vicinity of heavy traffic. Each near-roadway sample represents an B1.5 h integrated average.
Results

NYC Residential Study
The distribution of observed chemical components varied according to specific element, season, and spatial location observed in the NYC residential study. In order to present the results in a concise manner, we grouped elements into typical source categories, though these source categories may not account for all sources of each observed element, and some elements likely have contributions from multiple categories. This work is also presented graphically using interpolated concentration data estimation between sparse sampling locations, consistent with data presented in the companion papers (Peltier and Lippmann, 2010a, b) .
Tracers of Regional Road Dust and Traffic in the NYC Residential Study
Using specific chemical elements as markers of resuspended crustal material provides direct evidence of resuspended road dust influence on a filter sample. Silicon (Si), aluminum (Al), titanium (Ti), and iron (Fe) within the PM 2.5 were used as markers for resuspended crustal materials, which are usually emitted as a result of brake and engine wear, tire and road debris, and resuspended soil particles (Ozkaynak et al., 1996; Harrison et al., 2003; Park and Kim, 2005; Jalava et al., 2009; Karanasiou et al., 2009) . Tracer concentrations were generally uniform at each of the measured locations, with higher concentrations observed in the same locations across all of the analyzed elements. Figure 1 is a graphical interpolation of these results within the NYC. Since the residential sites used in this study were not located in the immediate vicinity of heavily traveled roadways, the data collected at these sites cannot significantly expand our understanding of exposures near roadways. In any case, there were apparent differences observed between winter and summer concentrations, with the summer concentrations being slightly higher and more spatial uniform for each tracer (Table 1) . Other markers of traffic, or more specifically, combustion of gasoline or diesel fuel, were marked by Barium (Ba), BC, and bromine (Br) (Huang et al., 1994; Harrison et al., 2003; Grieshop et al., 2006; Han et al., 2006) , and these components were also used as markers of traffic, as shown in Figure 2 . A secondary source of Br has been linked to sea spray (von Glasow et al., 2002) , though the spatial pattern Br is not consistent with that of Cl, another component linked to sea spray (Peltier and Lippmann, 2011) . Spatial profiles were consistent across each sampled season for Ba and BC, but Br appears to have different sources in the winter than the summer. This was particularly evident by the elevated concentrations of Br throughout the region, with the highest concentration observed in Northern Bronx. This pattern is qualitatively different than the summer profile, and suggests additional sources of Br throughout the measured area. Zinc (Zn) can also be associated with tire wear, but we have shown, in a companion paper to this work, that the spatial and temporal pattern of Zn is dissimilar to any of the roadway tracers that we analyzed. Therefore, it is believed that some fraction of Zn may be attributed to roadway emissions, but in NYC, the relative fraction is small and Zn emissions are driven by another, unknown source.
Directly Measured Tracers of GWB Road Dust and Traffic
Concentrations of tracers of road dust and fuel combustion were higher in the near-roadway samples than in the residential samples. It should be noted that the roadway samples were collected only during the morning rush hour and may represent worst-case conditions, whereas residential samples were collected over longer time integrals (7 days). Figure 3 shows average concentrations of PM 2.5 road dust and traffic tracers from the bridge walkway sampling, and the same elements measured as part of the residential sampling. Data were averaged from all of the residential locations for each season. Markers of roadway dust, such as Al, Si, Fe, and Ti (Limbeck et al., 2009; Formenti et al., 2010) , were generally elevated on the GWB walkways compared with the residential locations. It should be noted that the nearroadway measurements had significant variability as noted by the relatively wide SD; this is due, in part, to having data on just seven sampling periods at this location, compared with 4150 samples for each season of the residential data set. On average, Al, Si, and Fe concentrations were each B0.5-1.0 mg/m 3 , which were higher than equivalent concentrations observed at the residential sites, and this was true of both summer and winter residential observations. Ti, Br, and Ba concentrations were lower than those of Al, Si, and Fe, but still generally elevated compared with the residential measurements.
The elemental concentrations observed at the background location in Piscataway, NJ, USA were lower than the GWB measurements of fine particle road dust tracers. These data are not shown in Figure 3 . An exception to this was Br, which was observed to be somewhat higher than corresponding measurements immediately next to a busy roadway. Figure 1 . Interpolated measurements of fine particle road dust markers from residential locations, which include Si, Al, Ti, and Fe. Summer measurements are on the left, and winter measurements are on the right. EPA speciation sites are also plotted and used in the interpolation.
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Measured elemental concentrations at UMDNJ using identical sampling and analytical techniques were generally higher than the same fine particle concentrations observed at residential sites. Inferences from the UMDNJ data should be made with care as this represents just one set of filters collected on a single day, thus calling into question their utility in predicting average regional background concentrations.
Not surprisingly, measured coarse-particle chemical elements of road tracers next to the GWB roadway were much higher in concentration than PM 2.5 components measured at the same times. Coarse thoracic particle concentration (PM 10À2.5 ) was calculated as the difference in elemental concentration of PM 10 and PM 2.5 . Figure 4 shows that, on average, for all elements in this study, the PM 10À2.5 concentration for an element was much higher than the corresponding fine particle concentration. This result was not surprising, and is consistent with sampling in immediate proximity to roadway sources where there are a number of sources of large particles formed through crushing of surface soil and mechanical wear. Coarse thoracic contributions always exceeded the corresponding fine element concentration, and depending on each element was enhanced by 10-to 100-fold. Nonetheless, fine particle Al, Si, and Fe contributed nearly 1 mg of fine particle mass to ambient concentration and thus represents an important source of fine particles. Ti, Br, and Ba contributed less mass, but this was still a detectable fraction of components thought to arise mainly as PM 10À2.5 . Consistent with the results from the near-roadway samples, PM 10À2.5 component concentrations thought to arise from road dust were higher than the PM 2.5 concentrations. Figure 4 shows results from the background location that had limited traffic influence. The ratio of PM 10À2.5 -to-PM 2.5 concentration for road dust tracers ranged from 5-fold (Br) to 14-fold (Fe), depending on the element. This is much lower than PM 10À2.5 -to-PM 2.5 ratios for measured elements near the roadway, and suggests a much larger source of PM 10À2.5 localized at the GWB compared with the background site. The lower ratio also suggests that PM 10À2.5 is formed at a higher rate at the roadway site compared with the background location. Figure 5 is a matrix scatterplot of road tracers (Al, Si, Fe, Ti, Br, and Ba) for both the PM 2.5 and PM 10À2.5 size fractions. PM 10À2.5 road dust tracers were in excellent agreement with one another as correlation coefficient values were generally above 0.50. These tracers were also in good agreement with tracers of vehicle exhaust, and the two tracers of vehicle exhaust were also well correlated with one another, despite the relatively limited data set. This provides reasonable evidence for a common source of PM 10À2.5 linked to dust near-highway sources. Good agreement was also observed between PM 2.5 road dust elements, as depicted in Figure 5 . This is notable since mechanically formed particles are considered to be the least likely to be observed in the PM 2.5 size range, yet they are well correlated. It should be noted that, because of detection limits with our methods, just four valid measurements were collected for Ba, a tracer for gasoline combustion. However, one measurement was much higher than the rest, and thus these data must be interpreted with caution. Nonetheless, some agreement was observed in vehicle exhaust tracers, which is consistent with the presence of these elements either as freshly formed PM 2.5 particles, or possibly with elements adsorbed onto other particles that were present.
Discussion
Measurements at residential locations suggest significant spatial and temporal variability for road dust tracers. Each element was observed in a generally similar spatial pattern, with generally higher concentrations apparent in the summer, and may be linked to increased summertime traffic throughout the region. A large range of concentrations was observed that varied from site-to-site, suggesting multiple local sources. When little spatial variability is observed, the tracer is likely attributable to a more regional pollutant. However, from these data, it appears that this was not the case, and therefore most of the PM 2.5 road dust tracers are likely to be attributable to local sources. This is of particular note because only two residential sites, one in Bronx County and one in Brooklyn (BX2 and BK2 in Figure 1 ), of the residential sampling sites were within 400 m of a large traffic artery. The spatial patterns were generally similar for winter and summer, suggesting that these sources are not seasonal.
Interestingly, tracers specific to fuel combustion measured at NYC residential sites did exhibit significant concentration variability across the region and from week-to-week. BC, as measured by reflectometry, was spatially uniform for each season with slightly higher BC during the summer. Our approach to sampling was not sufficient to detect a clear signal from nearby highways, which are thought to be line sources of BC. Barium was detected in a somewhat similar spatial and temporal profile as BC, with slightly higher concentrations detected during the summer. Bromine was somewhat different from the profiles of Ba and BC, with higher Br detected in the winter than in the summer, though the magnitude of these seasonal differences was low. The spatial pattern was also different, with apparent point sources of Ba and BC in the Bronx and Elizabeth, NJ during the summer. The pattern was similar during the winter, but at higher (B2 Â ) concentrations. This provides some evidence that there may be common sources of Ba and BC that influence air quality in residential neighborhoods, but there are more distinct sources of Br that also influence local air quality. While Ba, BC, and Br may be linked to fuel, Br concentrations are also influenced from local, but It should be noted that the approach used to develop the concentration isopleths leaves significant uncertainty for apparent concentrations at locations between sampling sites. It is likely that significant elemental concentration variability may exist between the sites, especially in a case where sources of tracers are distant to the sampling location. However, because the analyses were performed on the data in the same manner for each element, we believe the results provide some useful insight into spatial and temporal distributions of chemical elements, particularly when comparing different elements with one another.
The data collected immediately next to an exceptionally busy roadway provides insight into aerosol formation and distribution near busy roadways. To our knowledge, this was the first aerosol characterization study on the GWB. As expected, chemical elements thought to be tracers for road dust -Fe, Al, Si, and Ti -were well correlated in the PM 10À2.5 particle size range. These components are typically formed by mechanical-grinding processes that result in the formation of large non-thoracic coarse (4PM 10 ) particle sizes. A small fraction of these components may have been a result of long-range transport, and in fact they were observed in much smaller concentrations at our background reference location (UMDNJ), which has few local sources of heavy traffic. With the exception of Ba and Fe, coarse tracer concentrations of crustal and vehicle emissions were similar at each site, but for each, there was a higher concentration of PM 2.5 tracers for these elements at the GWB. This suggests the presence of additional PM 2.5 formed through an as yet undetermined formation mechanism, but one perhaps linked to combustion processes. Interestingly, this was not observed for Fe and Ba, where much higher PM 10À2.5 was observed near the busy roadway, and somewhat similar PM 2.5 mass was observed for each. These collective findings, and the nearby access to protected walkways, suggest that the GWB represents a good test location for further characterization of near-roadway pollutants.
It is notable that concentrations of PM 2.5 elements were higher immediately adjacent to the roadway, and that individual roadway tracers were well correlated with one another. This was true of both markers of road dust, and to a lesser extent, markers of vehicle exhaust. At the residential locations, which were generally not near a busy roadway, elements in the fine fraction were also somewhat correlated with one another, suggesting, in part, common sources or similar processing mechanisms. However, the coefficient of determination (r 2 ) in comparing these elements with one another did not exceed 0.5 at the sampled residential locations, suggesting that much of the variability was not accounted for by a single source. Roadway marker samples from the GWB walkways were in excellent agreement with one another, suggesting that the observed intra-species variability is partially explained by regional sources of these elements (as shown from the residential samples) as well as highly local sources near the roadway.
The source of enhanced PM 2.5 crustal material is, at present, unclear. A likely explanation is that the PM 10À2.5 size distribution tail extends into the PM 10À2.5 size range, accounting for some of the observations. We show elevated PM 10À2.5 element concentrations (B1-15 mg/m 3 , see Figure 4 ) near the roadway, which represents precursor material that can be processed into smaller particle sizes. It may also be linked to other chemical or physical processes that result in PM 2.5 particle formation from PM 10À2.5 parent material. Though somewhat speculative, one hypothesis that might explain the presence of PM 2.5 includes engine reaspiration of PM 10À2.5 through combustion or milling of the PM 10À2.5 entrained in the fresh air drawn by engines. Our limited data set from this pilot investigation is not sufficient to draw such a conclusion. Other unknown sources of PM 2.5 road dust elements may also have a role.
Despite our relatively inadequate knowledge of the formation mechanism(s) of PM 2.5 road dust, the presence of comparatively large concentrations near roadways may provide insight into the excess morbidity associated with living near a busy roadway. Many of these components are known to have significant toxicity, though they were thought mainly to be associated with larger particles. This is particularly true of redox active metals, such as Fe and Al, which have been shown to be associated with oxidative damage in a number of studies (Ohyama et al., 2007; Gottipolu et al., 2008; Castro-Giner et al., 2009; Shinyashiki et al., 2009; Verma et al., 2009) . Several studies have investigated the components of near-roadway exposures using other metrics -such as BC, CO, and NOx -as proxy measurements for exposure near roadways, but to date, these associations have not been consistently strong. This is either because these components have only a limited direct biological effect, or because they are only occasionally associated with other co-emitted and more causal products of traffic emissions, and therefore not always well correlated with the true exposure hazard. Our data show that these elements were observed at enhanced concentrations of both PM 2.5 and PM 10À2.5 . Because these data are limited in scope, future work should consider investigating this as a possible source of hazardous exposure near roadways.
Conclusions
Overall, typical concentrations of PM 2.5 and PM 10À2.5 roadway tracers were observed at much higher concentrations than concentrations of the same components measured at residential sites within the NYC. It is often thought that the largest fraction of near-roadway PM 2.5 mass comes from secondary organic OC, BC emissions, and inorganic sulfate salts. However, our data show that a large fraction of particle mass is in the form Fe, Al, and Si and, to a lesser extent, Ti, Ba, and Br. Fe, Al, and Si were shown to contribute, on average, between 0.5 and 1.0 mg/m 3 to ambient PM 2.5 loading. This represents a substantial source of roadway aerosol that may often be underestimated.
Concentration variability was evident across spatial and temporal time frames for many of the measured elements. A more complete understanding (or at least a better estimate) of the spatial and temporal variability of chemical components of PM is needed to support a paradigm shift in air pollution epidemiology that relies more on PM speciation. Using elemental tracers for improved identification of the relative heterogeneity of sources has the potential to lead to stronger associations between exposures and health outcomes, and suggests that much more advanced characterization of elemental components will yield a more robust understanding of roadway exposures. This insight can be used to better estimate chemically specific exposures, improve our understanding of source-oriented receptor models, and/or promulgate more specific, health-based regulatory standards. The work in this pilot investigation provides an improved understanding of these conditions, and warrants further investigation.
